Malignant peripheral nerve sheath tumors (MPNSTs) are soft-tissue sarcomas that frequently arise in patients with neurofibromatosis type 1 (NF1). Most of these tumors are unresectable at diagnosis and minimally responsive to conventional treatment, lending urgency to the identification of new pathway dependencies and drugs with potent antitumor activities. We therefore examined a series of candidate agents for their ability to induce apoptosis in MPNST cells arising in nf1/tp53-deficient zebrafish. In this study, we found that DNA topoisomerase I-targeted drugs and mTOR kinase inhibitors were the most effective single agents in eliminating MPNST cells without prohibitive toxicity. In addition, three members of these classes of drugs, either AZD2014 or INK128 in combination with irinotecan, acted synergistically to induce apoptosis both in vitro and in vivo. In mechanistic studies, irinotecan not only induces apoptosis by eliciting a DNA damage response, but also acts synergistically with AZD2014 to potentiate the hypophosphorylation of 4E-BP1, a downstream target of mTORC1. Profound hypophosphorylation of 4E-BP1 induced by this drug combination causes an arrest of protein synthesis, which potently induces tumor cell apoptosis. Our findings provide a compelling rationale for further in vivo evaluation of the combination of DNA topoisomerase I-targeted drugs and mTOR kinase inhibitors against these aggressive nerve sheath tumors.
Introduction
Malignant peripheral nerve sheath tumors (MPNSTs) are aggressive, often metastatic soft-tissue sarcomas associated with neurofibromatosis type 1 (NF1) [1] , an autosomal genetic dominant disorder with an incidence of 1 per 3000 individuals [2] . MPNSTs arise in adolescence or early adulthood in NF1 patients, with 65-88% of the tumors developing from benign plexiform neurofibromas [3, 4] . As many as 57% of NF1 patients have one or more plexiform neurofibromas, which are formed during embryologic development [5] . The molecular basis of MPNSTs has been linked to mutations in the NF1 gene at 17q11.2, and its encoded tumor suppressor, neurofibromin [6] , which has a GTPase-activating protein-related domain (GRD) with homology to the RAS-GTPase. This domain binds to the RAS protein and hydrolyzes GTP-bound active RAS to its inactive GDP-bound form [7] . Hence, loss of both NF1 alleles results in aberrant hyperactivation of RAS signaling, leading to dysregulation of cell growth, differentiation and survival, and predisposes NF1 patients to a variety of benign and malignant tumors, including MPNSTs [8] .
Loss of NF1 appears to be a primary driver of MPNST pathogenesis, and this gene is frequently inactivated somatically in sporadic MPNSTs [9] . Since RAS is hyperactivated due to NF1 loss, studies to identify drugs that may be useful against MPNSTs have focused on inhibitors of RAS downstream signaling pathways, including MEK, AKT, and mTOR, with variable results [10] [11] [12] [13] [14] [15] . Thus, unresectable MPNSTs remain largely refractory and are a major cause of death in NF1 patients. Twenty-six percent of deaths among patients with NF1 are caused by MPNSTs, and 60% of these deaths occur in patients under 40 years of age [16, 17] . Currently, surgical excision is the only curative therapy, but many patients have multifocal, unresectable or metastatic tumors at diagnosis, and the recurrence rate after surgery is high [18, 19] . Chemotherapy regimens, although partially effective in some cases, typically produce significant toxicities that can severely limit the patients' quality of life.
We have generated an nf1 mutant zebrafish model and shown that the combination of nf1 loss and tp53 deficiency promotes a higher penetrance and much more rapid onset of MPNSTs than is observed in the absence of nf1 alone [20, 21] . Brohl et al. [22] reported the results of nextgeneration sequencing of MPNSTs combined with a literature survey of >64 human MPNST tumor samples. In that study, mutation frequencies of NF1 and TP53 were 87.5% and 40.3%, respectively, indicating the relevance of our zebrafish model with NF1-and tp53-inactivating mutations [22] . Moreover, the histologic features of the MPNSTs in zebrafish are very similar to those of the human tumors [15, 20] . To optimize this model for in vivo imaging, we bred the fish to a stable transgenic line expressing mCherry, controlled by the zebrafish sox10 neural crestspecific promoter, resulting in fluorescent labeling of MPNST tumors in living zebrafish [15] . The labeled tumor cells were then implanted into the pericardial cavity of 2day-old pigmentless Casper recipient embryos, as a means to assess promising drugs and drug combinations against MPNST cells in vivo.
Here, we identify DNA topoisomerase I-targeted drugs as potent inducers of MPNST cell death. Moreover, two topoisomerase I poisons, topotecan or irinotecan, acted synergistically with either of two mTOR kinase inhibitors, AZD2014 or INK128, to induce tumor cell death without undue toxicity to the host. We show that the mechanisms underlying the synergy between these drugs center around the markedly enhanced inhibition of 4E-BP1 phosphorylation induced by the combination. This results in the lack of free eIF4E and an arrest of 5ʹ cap-dependent protein synthesis, which promotes tumor cell apoptosis. These data provide a compelling further in vivo testing of DNA topoisomerase I-targeted drugs in combination with mTOR kinase inhibitors against MPNSTs.
Results

Pericardial injection of mCherry-labeled zebrafish MPNST cells generates a rapidly growing tumor cell mass for drug testing
We have developed an embryonic implantation assay using zebrafish mCherry-labeled MPNST cells to generate large numbers of uniformly injected embryos for assessment of the activity of drugs added to fish water in 96-well plates. In this assay, primary zebrafish MPNST tumor cells are harvested from an nf1a+/−; nf1b−/−; p53m/m; sox10: mCherry zebrafish line, and microinjected into the pericardial cavity of pigmentless Casper recipient zebrafish embryos at 2 days post fertilization (dpf) (Fig. 1) . This technique provides a uniform mass of tumor cells that can be readily visualized by fluorescence stereomicroscopy at 24 h after injection, in an anatomic region of the fish that is free of autofluorescence and other background signals ( Fig.  1a ) and is a reported site of both primary and metastatic human MPNSTs [23, 24] . After injection into the pericardial cavity, the tumor cells grow rapidly, forming a spherical mass of tumor cells, such that the cross-sectional area increases~10-fold over 6 days ( Fig. 1b ). Thus, our assay provides a reproducible and quantifiable mass of MPNST cells growing in vivo for assessment of the antitumor activity and toxicity of small-molecule drugs.
DNA topoisomerase I-targeted drugs show potent activity against zebrafish MPNSTs in the embryonic pericardial implantation assay
Genetic defects in MPNST cells profoundly affect growth signaling, including the activities of the PI3K-AKT-mTOR, RAS-ERK, and Wnt pathways [21] . Thus, we evaluated a series of compounds with recognized or potential value as inhibitors of selected signaling pathways, using the embryonic implantation assay. The maximum-tolerated dose (MTD) was determined for each drug or drug combination in 3-to 7-day-old Casper embryos. This measure was defined as the maximum concentration of drug in the fish water allowing at least seven of the nine treated embryos (not implanted with tumor cells) to survive without apparent abnormalities for the 4-day treatment period (from 3 to 7 dpf) and to remain alive without apparent abnormalities for at least an additional 7 days after drug removal. We then injected MPNST cells harvested from nf1a + /−; nf1b−/−; p53−/−; sox10:mCherry zebrafish into the pericardial cavity of 2-day-old Casper embryos. After 24 h, successfully implanted embryos were imaged, distributed one embryo per well into 96-well plates, and incubated with each test drug for 4 days at the MTD or with the DMSO vehicle control. Drug activity against MPNST cells was determined at 7 dpf by comparing images obtained before and after drug treatment (see Fig. 2a for details).
Of 11 compounds tested in embryos implanted with MPNST cells (Fig. 2b) , four demonstrated significant activity against MPNST cells, based on decreases in the red fluorescent area of the pericardial cavity: PD-0325901 (MEK inhibitor, 50 nM), AZD2014 (mTOR kinase inhibitor, 30 µM), KPT-330 (XPO1 inhibitor, 2 µM) and topotecan (DNA topoisomerase I-targeted drug, 5 µM). Treatment with these compounds resulted in less growth over 4 days than observed for the dimethyl sulfoxide (DMSO)-treated embryos. The strongest responses were elicited by topotecan ( Fig. 2b, c) , which was the only compound to significantly reduce the area of red fluorescence. While the fluorescent cross-sectional area of the control cells expanded 4.6-fold (2.26 log2 ratio) over 4 days, topotecan treatment induced a 2.5-fold decrease by comparison with the day-3 (−1.31 log2 ratio) result ( Fig. 2b ). Drug-treated embryos did not show any discernible morphologic defects, and their movements were similar to those of control embryos, suggesting only limited toxicities.
Given this response to topotecan, we also tested the related DNA topoisomerase I-targeted drug irinotecan. Irinotecan similarly inhibited tumor growth compared to controls in a dose-dependent manner (Fig. 2d ). Next, to assess the durability of the drug response, we transferred drug-treated embryos into fresh water at 7 dpf and observed them for MPNST cell expansion. While DMSO-treated mCherry-expressing tumor cells gradually expanded, tumor growth in irinotecan-treated zebrafish remained unchanged for up to 7 days (from 7 to 14 dpf) after a 4-day irinotecan pulse ( Fig. 2e , f), consistent with results obtained with topotecan ( Supplementary Fig. 1 ). These data demonstrate the utility of DNA topoisomerase I-targeted drugs in this model and suggest that they may be useful agents for the treatment of MPNST.
DNA topoisomerase I-targeted drugs and mTOR inhibitors synergistically kill MPNST cells in vivo
To identify agents that might potentiate the activity of DNA topoisomerase I-targeted drugs in MPNST therapy, we first combined either irinotecan or topotecan with other targeted agents, including the MEK inhibitors selumetinib and trametinib, the mTOR complex 1 (mTORC1) inhibitors rapamycin and everolimus, the ATP-competitive mTOR kinase inhibitors AZD2014 and INK128 or the PARP inhibitors veliparib and talazoparib. We also decreased the irinotecan dose to 1.5 µM for minimal drug activity and tested each drug combination for its MTD after this reduction in the zebrafish embryonic implantation assay. Identical results were obtained when the same drugs were combined with topotecan or irinotecan, so for simplicity, only data for the latter compound are shown in Fig. 3 . In contrast to most agents, we noted significant enhancement of irinotecan activity with use of the mTOR kinase inhibitors AZD2014 and INK128 ( Fig. 3a, b) . Given alone at these dosages, irinotecan, AZD2014, and INK128 resulted in only minimal decreases in the fluorescent tumor area compared to controls. Intriguingly, irinotecan combined with AZD2014 or INK128 led to the most striking tumor responses. After 4 days of drug treatment (7 dpf), we transferred the embryos to fresh water to observe tumor growth ( Fig. 3c ). The implanted MPNST cells in the DMSO-, irinotecan-, AZD2014-, and INK128-only groups immediately began to regrow in the absence of drug, whereas the tumor cells treated with irinotecan and either AZD2014 or INK128 showed a sustained response and demonstrated no growth at all after the embryos had been in fresh water for a week (14 dpf, Fig. 3c ).
We also tested the effects of the irinotecan plus AZD2014 combination on nontransformed cells transplanted into the pericardial cavity. In this experiment, we a ImplantaƟon at 2 dpf harvested nontransformed cells from 1-year-old wild-type zebrafish harboring the ubi:GFP fluorescent marker, mechanically dissociated them into a single-cell preparation and transplanted 100-120 cells into recipient Casper embryos. After injection, the cross-sectional area occupied by the nontransformed, GFP-labeled cells did not change significantly from 3 dpf to 7 dpf, indicating that the cells survived but on average did not increase in numbers. When irinotecan (1.5 µM) and AZD2014 (20 µM) were added to the fish water, the transplanted-cell area of GFP fluorescence did not decrease significantly over this interval ( Supplementary Fig. 2 ). Thus, in contrast to transformed MPNST cells, the transplanted nontransformed cells survived but did not grow or respond appreciably to treatment with these drugs. These preclinical results indicate that combined inhibition of topoisomerase I and mTOR kinase with tolerable dosages of the drugs tested here may provide an effective therapeutic strategy against human MPNSTs.
Irinotecan acts synergistically with INK128 to kill human MPNST cells
To evaluate the relevance of DNA topoisomerase I-targeted drugs in human MPNST cells, we tested the effect of irinotecan on the growth of multiple human MPNST cell lines. This agent was active in two NF1 mutant (sNF96.2 and ST8814) cell lines and one NF1 wild-type (STS26T) MPNST line, with IC 50 values of irinotecan ranging from 340 to 932 nM at 72 h of drug exposure ( Fig. 4a ). Similar results were obtained with topotecan (IC 50 range, 63.4 to 301 nM) ( Supplementary Fig. 3 ). In tests of mTOR kinase inhibitors in human MPNST cells, we treated the sNF96.2, ST8814, and STS26T cell lines with INK128, which showed some activity against each line (IC 50 values at 72 h of treatment, 46.27 nM for sNF96.2; 161.9 nM for ST8814; and 226.1 nM for STS26T) (Fig. 4b ). These results agree with those previously reported for the mTOR kinase inhibitor AZD8055, a close analog of AZD2014 [13] . By contrast, the mTORC1 inhibitor rapamycin did not decrease MPNST cell numbers in a dose-dependent manner (Supplementary Fig. 3c ; also ref. [13] ), indicating that direct mTOR kinase inhibitors had more profound effects on MPNST cell numbers than did rapamycin. Since AZD2014 and INK128 enhanced irinotecan drug activity in the embryonic implantation assay ( Fig. 3 ), we next evaluated this property in human MPNST cells, using isobologram analysis to establish whether this inhibitor acts synergistically with irinotecan against MPNST cells ( Fig.  4c-h ). Both the sNF96.2 and ST8814 MPNST cell lines are NF1 null and TP53 wild-type, while the STS26T line is NF1 wild-type and TP53 null. Each cell line was cultured for 72 h with different concentrations of irinotecan and INK128, both alone and in combination ( Fig. 4c , e, g). The combination index values for each irinotecan and INK128 drug pair were <1.0, indicating that when used together these drugs are synergistic against sNF96.2, ST8814, and STS26T cells ( Fig. 4d , f, h). We conclude that mTOR kinase inhibitors act synergistically with DNA topoisomerase I-targeted drugs against human MPNST cells. The combination of irinotecan and INK128 exhibited synergistic activity against MPNST cells by isobologram analysis (Fig. 4) . To confirm this result, we studied the growth kinetics of sNF96.2, ST8814, and STS26T cells over 4 days with relatively low dosages of irinotecan and INK128 alone and in combination, such that the drugs contributed approximately equal antitumor cell potency (Fig. 5a-c) . While single agents produced slight reductions in cell growth, treatment with the combination was highly cytotoxic to the tumor cells, leading to substantial decreases in cell number. This treatment strategy was less effective when rapamycin was substituted for the mTOR kinase inhibitors ( Supplementary Fig. 4 ). We next asked if the observed effects of the combination treatment would result in apoptosis in human MPNST cell lines. In this experiment, we performed an Annexin V and propidium iodide (PI) staining assay with sNF96.2, ST8814, and STS27T cells after 48 to 72 h of exposure to irinotecan and INK128, both alone and in combination ( Fig. 5d-g) . Flow cytometry results indicated that the apoptosis rate in the drug combination-treated cells (early + late apoptosis rate) was higher than that in the single-drug-treated cells. Indeed, although the apoptosis rate among INK128-treated cells was similar to or lower than that of DMSO controls, it was significantly increased among cells treated with the combination of irinotecan and INK128.
Comparable results were obtained with the combination of irinotecan and AZD2014 ( Supplementary Fig. 5a-c) . We also performed a TUNEL assay with sNF96.2 and ST8814 cells after 24 h of drug exposure, observing a marked increase in the fraction of cells undergoing apoptosis in MPNST cells treated with irinotecan plus AZD2014, as compared to cells exposed to either irinotecan or AZD2014 alone ( Supplementary Fig. 5d ).
A combination of irinotecan and AZD2014 prevents 4E-BP1 phosphorylation and blocks protein synthesis
Although the combination of DNA topoisomerase I-targeted drugs and mTOR kinase inhibitors clearly produced synergistic activity against MPNST cells, the molecular mechanism for this effect was unclear. Thus, we first asked whether AZD2014 could potentiate the DNA damage response known to be elicited by DNA topoisomerase Itargeted drugs like irinotecan. Topoisomerase I cleaves one strand of double-stranded DNA to form transient intermediates that relax super-coiled DNA as an early step in transcription or replication [25] . DNA topoisomerase I poisons act by stabilizing topoisomerase I-DNA intermediates, such that double-stranded DNA breaks occur during replication with an accompanying DNA damage response that induces cell cycle arrest and apoptosis [26, 27] . To address whether inhibition of mTOR potentiates the DNA damage response induced by DNA topoisomerase I-targeted drugs, we first analyzed the extent of phosphorylation of H2AX (γH2AX) in response to treatment with these drugs. Potent induction of γH2AX after treatment of MPNST cells with irinotecan was evident by 24 h in sNF96.2 cells and 48 h in ST8814 cells, as expected ( Supplementary Fig. 6 ). The level of γH2AX was not affected by treatment with AZD2014 alone or in combination, indicating that mTOR inhibition does not synergize with DNA topoisomerase I-targeted drugs by augmenting the DNA damage response. Subsequently, we considered phosphorylation of key downstream targets of mTORC1 as a putative mechanistic driver, including the ribosomal protein S6 kinase (p70S6K) as well as 4E-BP1, which binds the eukaryotic translation initiation factor 4E (eIF4E). As shown in Fig. 6a , treatment with AZD2014 for 24 h (lane A) reduced the phosphorylation levels of both p70S6K and 4E-BP1 in MPNST cells. We also tested whether irinotecan affects the phosphorylation of these key downstream targets of mTORC1 (lane I), observing that treatment with this agent alone mediates a small but measurable reduction in the phosphorylation levels of both 4E-BP1 and p70S6K (Fig. 6a ). These findings are consistent with published results showing reduced phosphorylation levels of both targets in mouse fibroblasts and various types of human cancer cells in response to DNA damage [28, 29] . To directly address the issue of synergism, we used irinotecan and AZD2014 together and showed that the combination strongly suppressed the phosphorylation of 4E-BP1 (Ser65) at 24 h in both sNF96.2 and ST8814 cells (Fig. 6a) , and in TP53 mutant S462 human MPNST (NF1 null, SUZ12 null, and TP53 mutant) cells ( Supplementary Fig. 7 ). In these experiments, the three different forms of phosphorylated 4E-BP1 protein (α, β, and γ) are evident by western blotting. The α-band represents the unphosphorylated form and the γ-band (Fig. 5 ). The phosphorylation of p70S6K (Thr389) was decreased by AZD2014 and the combination of irinotecan and AZD2014; however, rapamycin inhibited p70S6K phosphorylation even more strongly despite its failure to inhibit 4E-BP1 phosphorylation, consistent with its known specificity for the mTORC1 kinase activity of p70S6K and its lack of activity against 4E-BP1 phosphorylation [30, 31] .
In view of these results, we asked how a synergistic inhibitory effect on 4E-BP1 phosphorylation could enhance antitumor activity. Very briefly, unphosphorylated 4E-BP1 binds and sequesters the translation initiation factor eIF4E, blocking 5ʹ cap-dependent translation. By contrast, when 4E-BP1 is hyperphosphorylated, it releases eIF4E, enabling it to trigger new protein synthesis [32, 33] . As irinotecan plus AZD2014 strongly suppresses the phosphorylation of 4E-BP1 (Fig. 6a) , it increases the interaction between 4E-BP1 and eIF4E, thus blocking 5ʹ cap-dependent translation. The resultant robust block of new protein synthesis induced by this drug combination can be seen in experiments in which L-homopropargylglycine (HPG), an amino acid analog of methionine that contains an alkyne moiety, is fed to cultured cells and incorporated into proteins during active protein synthesis (Fig. 6b ). Addition of an Alexa Fluor 488 azide leads to a chemoselective "click" reaction between the fluorescent azide and the alkyne, allowing newly synthesized protein levels to be detected by fluorescence imaging.
To examine the direct effects of irinotecan and AZD2014 on 5ʹ cap-dependent translation, we conducted protein synthesis assays. Upon treatment with irinotecan plus AZD2014, MPNST cells showed a profound decrease in Alexa Fluor 488 intensity, which reflects the level of 5ʹ capdependent translation. By contrast, irinotecan alone induced no effect on protein synthesis in sNF96.2 cells and an approximate 50% decrease in ST8814 cells, while AZD2014 inhibited protein synthesis less than did the combination (Fig. 6b-d) . Thus, the synergistic effect of irinotecan and AZD2014 in MPNSTs can be attributed to the ability of irinotecan to potentiate the inhibition of 
The synergistic effect of irinotecan and INK128 is decreased in 4E-BP1 knockout cells
If our predicted mechanism is correct, depletion of 4E-BP1 in MPNST cells should have the same effect as hyperphosphorylating 4E-BP1. Both approaches should lead to a lack of 4E-BP1 bound to eIF4E, and 5ʹ cap-dependent translation would not be inhibited. In sum, 4E-BP1 depletion should abolish the synergy between DNA topoisomerase I-targeted drugs and mTOR kinase inhibitors in killing MPNST cells. To test this hypothesis, we used the CRISPR-cas9 system to establish a 4E-BP1 KO ST8814 cell line that harbors mutations on both alleles upstream of the eIF4E-binding domain (Fig. 7a ), leading to a frameshift with early termination of translation. Loss of 4E-BP1 protein expression in this line was apparent by western blotting (Fig. 7b ). When evaluated against irinotecan (300 nM) and INK128 (100 nM), the 4E-BP1 KO ST8814 cells showed decreased drug sensitivity to each drug individually ( Supplementary Fig. 8 ) and to the combination (Fig. 7c) . Indeed, the synergistic cell killing of tumor cells (blue solid curve, Fig. 7c ) was no longer evident, and the response to the drug combination was limited to stable disease. To validate this result, we used retroviral driven wild-type 4E-BP1 complementary DNA to rescue 4E-BP1 levels, demonstrating that the cells were as sensitive as wild-type cells to treatment with irinotecan and INK128 (red solid curve, Fig. 7c ). Thus, the synergy between DNA topoisomerase I-targeted drugs and mTOR kinase inhibitors in our MPNST model appears to be mediated through the mTORC1/4E-BP1 signaling pathway, which regulates the translation of cap-dependent RNAs. A schematic diagram illustrating the mechanism that has emerged from our biochemical studies to explain the synergistic activity of irinotecan combined with AZD2014 or INK128 is shown in Fig. 7c . The ATP-competitive mTOR inhibitor, AZD2014 or INK128 acts directly to block the mTORC1-mediated phosphorylation of 4E-BP1, and this activity is markedly augmented by combing the mTOR kinase inhibitor with a DNA topoisomerase Itargeted drug, such as irinotecan or topotecan. Unphosphorylated 4E-BP1 sequesters eIF4E, leading to a profound decrease in 5ʹ cap-dependent nascent protein synthesis, which in combination with the DNA damage response initiated by entrapped topoisomerase I synergistically induces apoptotic cell death in MPNST cells.
Discussion
Despite extensive investigation, effective chemotherapy is not yet available for unresectable MPNSTs [34] [35] [36] [37] . Thus, to identify promising drug and pathway dependencies characteristic of MPNST, we relied on zebrafish lacking both NF1 and TP53 as a molecularly faithful preclinical model of this tumor. Our strategy is supported by the high overall molecular and genetic homologies shared by humans and zebrafish, especially for enzymes and cell surface receptors [38] . By injecting tumor cells into the fish pericardial cavity, we were able to provide a suitable microenvironment for the growth and monitoring of implanted cancer cells [39] . Thus, the fluorescence signal from the tumor mass generated by the implanted MPNST cells grew as a condensed spherical ball of cells in an anterior region of the fish embryo with minimal autofluorescence background, enabling the rapid evaluation of drug responses in live animals.
As abnormal activation of RAS by NF1 loss is a central driver event in MPNST pathogenesis [8] , receptor tyrosine kinases (RTKs), including PDGFRA and EGFR, which can activate RAS signaling and downstream factors such as MEK and mTOR, are considered promising drug targets in patients with NF1-associated tumors [5, [10] [11] [12] . We therefore focused our selection of promising candidate drugs on the MEK inhibitors (selumetinib, trametinib, and PD-0325901), a pan-RTK inhibitor (sunitinib), and mTOR inhibitors (rapamycin, AZD2014, and INK128). We also tested vincristine and cyclophosphamide because of their inclusion in an effective chemotherapy regimen for softtissue sarcomas [40] . The nuclear transporter XPO1 inhibitor KPT-330 was included in the candidate list because it showed antitumor activity against MPNSTs [41] , KRASdriven lung cancer [42] , and T-cell acute lymphoblastic leukemia harboring activating mutations of NRAS and NOTCH1 [43] . Finally, etoposide and topotecan were considered potentially useful drugs because of their activity in the treatment of advanced soft-tissue sarcomas, alone or in combination with other agents [44, 45] .
A key finding of this study was the superior single-agent activity shown by the DNA topoisomerase I-targeted drugs topotecan and irinotecan in both our zebrafish MPNST model and human MPNST cell lines. Despite the widespread use of topoisomerase I-targeted drugs for the treatment of human sarcomas, neither drug has so far been tested in a clinical trial designed for patients with MPNST. Similarly, AZD2014 showed activity in a high-throughput screen for NF2-deficient meningiomas [46] , and is currently in early phase clinical trials for this disease (NCT02831257). However, this agent has not been tested for its activity in NF1-associated MPNSTs.
Targeted drugs rarely elicit prolonged responses in human cancers when given as single agents, largely because of the relatively rapid outgrowth of drug-resistant subclones during treatment. Thus, an important outcome of our study is the finding that a combination of topoisomerase I and mTOR kinase inhibitors can elicit synergistic antitumor responses in MPNST cells. Biochemical evidence of synergy was centered on the phosphorylation of 4E-BP1, which is primarily mediated by mTORC1, and is inhibited directly by the ATPcompetitive mTOR inhibitor AZD2014. The extent of inhibition of 4E-BP1 phosphorylation increased markedly in combinations that included an mTOR kinase inhibitor and a DNA topoisomerase I-targeted drug, such as irinotecan or topotecan ( Fig. 6a and Supplementary Fig. 7) .
Inhibition of 4E-BP1 phosphorylation has been reported as a consequence of the DNA damage response in mouse fibroblasts and several types of human cancer cells [28, 29, 47] , a result that could account for the augmented level of inhibition that we observed. Inhibition of mTOR signaling as part of the DNA damage response can result from p53-dependent pathways [28, 29] or may be a p53independent effect of activated ATM [47] . Topoisomerase I trapped on DNA by irinotecan is known to lead to DNA double-strand breaks and to stimulate a DNA damage response in tumor cells during cell cycle-mediated DNA synthesis [48, 49] . Consistent with these findings, we show increased γH2AX accompanied by apoptosis in MPNST cells treated with irinotecan ( Supplementary Figs. 5 and 6 and Fig.  5d ). Inhibition of mTOR by AZD2014 in combination with irinotecan does not appear to result in increased DNA damage as reflected by γH2AX levels, but does markedly increase the fraction of cells undergoing apoptosis. Presumably, the increased levels of apoptotic tumor cells induced by this drug combination are the result of enhanced sequestration of eIF4E by unphosphorylated 4E-BP1, leading to a profound decrease in 5ʹ cap-dependent nascent protein synthesis. The block of new protein synthesis combined with the DNA damage response initiated by entrapped topoisomerase I then synergistically induces apoptotic cell death in MPNST cells (see the conceptual model, Fig. 7d ). In a broader context, 4E-BP1 phosphorylation by activated mTORC1 is a key event in the initiation of oncogenic messenger RNA translation for both cancer progression and metastasis [50] . Moreover, aberrant mTOR pathway activation is a recognized hallmark of many cancers [51] . Malone et al. [31] also reported that mTORC1 is a critical effector molecule in NF1-mutant nervous system malignancies, suggesting that a combination of topoisomerase I with an mTOR kinase inhibitor may be effective against NF1-associated tumors other than MPNSTs, such as glioblastomas, neuroblastomas, and melanomas.
A major consideration with regard to experimental models containing human tumor cells xenograted into immunosuppressed mice is that the mouse tolerates significantly greater systemic exposure to drugs such as topotecan than do human patients [52] . Dose-limiting toxicity with these agents generally stems from their antiproliferative effects on blood cell progenitors in the bone marrow. Since murine hematopoietic stem and progenitor cells (HSPCs) are much more resistant than human HSPCs in bone marrow progenitor colony-forming assays [53] , mice can be dosed to much higher serum concentrations of topoisomerase I-targeted drugs than can human subjects. Thus, the responses of human xenografts growing in mice and treated at the highest dosages tolerable by normal mouse tissues have not always been reproducible in human patients. Our zebrafish allograft model of MPNST avoids this issue by relying on tumor cells and host hematopoietic cells derived from the fish. In our study, the IC 50 values of topotecan in human MPNST cell lines ranged from 31 to 302 nM ( Supplementary Fig. 2 ), which is comparable to the IC 50 values for human Ewing sarcoma, rhabdomyosarcoma, and other sarcoma cell lines ̶ tumor types that typically show impressive clinical responses to this drug [54] .
In summary, we have established a reliable and rapid in vivo assay in living zebrafish embryos to identify drugs effective against MPNSTs. Topotecan and irinotecan, both DNA topoisomerase I-targeted drugs, each showed striking activity against MPNSTs that was potentiated by the addition of an mTOR kinase inhibitor, either AZD2014 or INK128, acting through marked hypophosphorylation of 4E-BP1. These preclinical results in zebrafish embryos and human MPNST cell lines, using the combination of a DNA topoisomerase Itargeted drug with AZD2014 or INK128, merit further in vivo testing against this aggressive soft-tissue sarcoma.
Materials and methods
Zebrafish lines
Primary MPNSTs were harvested from the nf1a+/−; nf1b−/−; p53m/m; sox10:mCherry zebrafish line [15] , which was maintained under standard conditions as previously described [55] . As recipient fish embryos for the implantation assay, the roy and nacre, double homozygous mutant line was used, which has been named Casper [56] . All experiments involving zebrafish were approved by the Institutional Animal Care and Use Committee of the Dana-Farber Cancer Institute.
Embryonic implantation assay
The embryonic implantation assay was performed as described previously [15] , except that the cells were implanted in the pericardium rather than the yolk sac. See Supplementary Methods for details.
Cell culture and viability assay sNF96.2, ST8814, S462, and 90-8TL cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco, 11995) supplemented with 10% heat-inactivated fetal bovine serum (Sigma-Aldrich), and 1% penicillin/streptomycin (Invitrogen). STS26T cell line was maintained in RPMI 1640 (Gibco, 11875093) medium supplemented with 5% heat-inactivated fetal bovine serum (Sigma-Aldrich), and 1% penicillin/streptomycin (Invitrogen). See Supplementary Methods for details.
Protein synthesis assay
Protein synthesis was detected by the Click-iT HPG Alexa Fluor 488 protein synthesis assay kit (Molecular Probes, C10428). See Supplementary Methods for details.
Apoptosis analysis
To assess apoptotic cell death, we performed Annexin V-PI staining and TUNEL assay. See Supplementary Methods for details.
Statistical analysis
Statistical analysis was performed with Prism 7 software (GraphPad). See Supplementary Methods for details. 
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